Disturbed sleep can negatively affect overnight memory retention as well as new learning the subsequent day. In healthy participants, positive associations between memory performance and sleep characteristics (e.g., time spent in slow-wave sleep [SWS]) have been detected. In a previous study, we found that SWS was much reduced in patients with focal seizures, but when correlations between memory complaints and various sleep characteristics were considered, the only significant relationship was with the time to onset of rapid eye movement (REM) sleep (i.e., REM latency). In this study, we investigated the relationships between sleep, epilepsy, and objective memory performance variables. Twenty-five patients with focal seizures had their memory tested while undergoing a two-day ambulatory electroencephalography (EEG). The sleep variables of interest were the percentage of time spent in SWS (%SWS) and REM latency. Epilepsy variables included the presence of (1) seizures, (2) interictal epileptiform discharges, and/or (3) hippocampal lesions as well as site of seizure origin (temporal vs extratemporal). Overnight retention (of autobiographical events, a story, and a complex geometric figure) and the ability to learn a word list on day 2 were the measures of memory. A significant positive correlation was found between word-list learning and %SWS during the previous night. A significant negative correlation was observed between REM latency and overnight retention of autobiographical events. Overnight retention scores for the story and geometric figure were not related to sleep characteristics but were negatively affected by the presence of epileptiform activity. Story retention was also worse for temporal lobe epilepsy (TLE) than for patients with extratemporal epilepsy (ETE). Those with hippocampal lesions were more impaired than those without lesions on word-list learning, autobiographical events' retention, and story retention. When multiple contributing factors were entered into regression analyses, %SWS was found to be the best predictor of subsequent word-list learning, whereas the presence of a hippocampal lesion was the best predictor of overnight retention of autobiographical events and a story. These findings provide further evidence of the ways in which particular sleep characteristics are associated with memory and suggest that treatment of sleep disturbances in patients with epilepsy might be helpful for improving their performance.
Introduction
The association between sleep and memory has been investigated using a wide range of research methods and memory paradigms. Evaluating brain activity during sleep using electroencephalography (EEG) allows for the identification of distinct sleep stages with a main classification between rapid eye movement (REM) and non-REM (NREM) sleep and a subsequent classification of NREM sleep into three distinct stages (NREM 1-3). Following standard criteria [1] , NREM 2 is categorized when sleep spindles (12-15 Hz; 0.5-2 s) are observed whereas NREM 3 is classified based on the presence of slow oscillations (0.5-3 Hz; peak-to-peak amplitude N 75 μV) and is commonly referred to as slow-wave sleep (SWS).
An interplay between cortical slow waves, thalamocortical spindles, and hippocampal ripples during SWS is believed to be associated with the redistribution of information from the hippocampus to neocortex [2] [3] [4] [5] . There are several findings suggesting that SWS duration is positively associated with memory [6] . First, during aging, reduced time spent in SWS is associated with a decline in declarative memory performance [7] . Second, SWS duration during a daytime nap was found to be Epilepsy & Behavior xxx (2018) xxx-xxx positively associated with subsequent recognition of spatial layouts seen prior to napping [8] . Third, when time spent in SWS (prior to REM onset) was increased using slow-oscillatory transcranial current stimulation, sleep-dependent memory consolidation of word pairs was enhanced [9] . Fourth, specific disruption of SWS during a daytime nap resulted in lower performance on a declarative memory task compared with undisturbed SWS [10] . Fifth, van der Werf and colleagues [11] found that the acquisition and consolidation of new information were significantly better for participants who had a good sleep the night before learning compared with participants whose SWS was disturbed through acoustic stimulation.
It may be important to note that sleep disturbances are common in patients with epilepsy [12] [13] [14] [15] [16] [17] , as are memory complaints (cf. [18, 19] ). Previous research indicates that nocturnal epileptiform activity is common [14, 20] and that epileptiform activity can disrupt normal sleep patterns that might be expected to negatively affect memory. For example, epileptiform activity predominantly occurs during sleep stages NREM 2 and SWS [21] [22] [23] , and nocturnal seizures have been found to reduce sleep efficiency as well as the percentage of time spent in stages NREM 2, SWS, and REM [23] . Nocturnal seizures or interictal epileptiform discharges (IEDs) have also been associated with increased time to the onset of REM (i.e., REM latency [23, 24] ). In addition, Frauscher and colleagues [25] found that IEDs negatively affect spindle formation, thus potentially affecting the hippocampal-neocortical interaction thought to be relevant for memory consolidation.
Several research groups have noted a negative effect of intervening epileptiform activity (IEDs or seizures) on long-term memory retention [26] [27] [28] [29] [30] . More specifically, Sarkis and colleagues [31] found that memory for pairs of colored pictures was more impaired in patients who had intervening nighttime seizures compared with that in patients who had daytime seizures. Furthermore, memory can be differently affected based on the site of epileptic focus. Breier and colleagues [32] contrasted verbal and nonverbal learning between patients with temporal lobe epilepsy (TLE) and extratemporal epilepsy (ETE). Compared with patients with ETE, they found that patients with right TLE had worse performance on nonverbal memory measures, whereas patients with left TLE showed poorer performance on verbal memory measures. In another study, patients with TLE showed impaired autobiographical memory compared with control subjects whereas patients with ETE did not [33] . Whether the site of epileptiform activity might influence its effect on sleep has not been explored previously.
The presence of an abnormality in the hippocampus, most commonly in the form of hippocampal atrophy or mesial temporal sclerosis, is also likely to be an important modulator for both sleep and memory in patients with epilepsy. Certainly, patients with structural hippocampal lesions are known to have difficulty storing new memories [34] [35] [36] . It seems possible that a hippocampal abnormality would change the ability to carry out consolidation during sleep as this is thought to depend on the generation of hippocampal ripples. However, the ways in which a hippocampal lesion affects fundamental sleep patterns directly and/or potentially affects the interactions during sleep responsible for long-term memory storage have not undergone much investigation.
In a previous study [24] , we examined associations between a subjective measure of memory complaint (the Everyday Memory Questionnaire (EMQ) [37] ) and sleep variables from full-night ambulatory EEG (AEEG) in a group of patients with focal epilepsy (the same sample of patients that is reported in the present study). Compared with norms from healthy subjects, the patients with epilepsy showed reduced time spent in SWS and prolonged REM latency. Contrary to our hypotheses, we found no relationships between memory complaints and many aspects of sleep including time spent in SWS, time spent in REM, or time spent awake after sleep onset. The only significant correlation was between the EMQ score and REM latency; the longer it took to reach REM, the greater the memory complaints. Furthermore, we found that time spent in the various sleep stages was not affected by the presence of a hippocampal lesion or the presence of IEDs. Yet, REM latency was significantly longer for patients who had either type of abnormality compared with that for those who did not. Interestingly, however, REM latency proved to be more important for predicting everyday memory complaints than the presence of a hippocampal lesion. The effect of site of epilepsy (TLE vs ETE) on sleep variables was not considered in the previous study.
Following on from our prior investigation [24] , the present study aimed to determine the associations between sleep characteristics, epilepsy variables, and objective memory scores in the same group of patients. Memory performance was expected to be positively associated with %SWS and negatively associated with REM latency. We also expected the presence of seizures, IEDs, hippocampal lesions, or a TLE focus to negatively affect memory performance, and we were interested in comparing the relative importance of all these contributors.
Methods

Patients
The initial sample consisted of 32 patients with suspected epilepsy. All had 24 h AEEG for clinical diagnostic purposes. Seven patients were excluded as no diagnosis of focal epilepsy could be made. The final sample consisted of 25 patients with focal epilepsy (M age = 39.40 years, SD = 10.62, range: 24-59 years; 60% female). Patients were diagnosed as having either TLE (N = 16) or ETE (N = 9), and overall had a mean duration of epilepsy of 14.1 y (SD = 14.3 y). Written informed consent was obtained from all patients prior to protocol onset. Ethical approval was provided by the Sydney Southwest Area Health Service Ethics Review Committee (Royal Prince Alfred Hospital zone) and by the Macquarie University Human Research Ethics Committee.
EEG recordings
Ambulatory EEG recordings were conducted for 24 h using the ProFusion AEEG system (Compumedics Ltd., Abbotsford, Australia). Twenty-two channels were used following the standard 10-20 electrode placement. The patients were recorded as outpatients.
Sleep architecture
The night of the recording was visually scored in 30 s epochs by two independent raters adhering to standard criteria (AASM [1] ) using Matlab 7.1 (R2012b; MATLAB, Natick, MA) and a modified FAST toolbox [38] . Differences in sleep scoring between raters were discussed and resolved yielding a Cohen's kappa interrater agreement of at least 0.75 (M = 0.80; SD = 0.03). Considering bedtimes and wake up times were unknown given the nature of AEEG, manual scoring started when the time was later than 9 p.m. and eye blinks could no longer be observed. Scoring ended when the time was later than 5 a.m., eye blinks were continuously observed, and no subsequent sleep epochs occurred during the next 30 min. Variables of interest included REM latency (time between sleep onset and the first onset of REM) and %SWS (time spent in SWS/total sleep time). For analyses, we chose to use % SWS because it takes total sleep time into account, but the same results reached significance (and failed to reach significance) when absolute SWS duration was used as a variable.
Epilepsy variables
Recordings were visually inspected and classified as to whether or not they contained any seizures or IEDs in the 24 h period of interest. All identified seizures and IEDs were classified as focal. Of the six seizures that occurred on recordings from the 24-h observation period, five were in the right hemisphere and one in the left. The vast majority of detected IEDs (90%) occurred during nocturnal sleep. None of the patients had IEDs exclusively during the day. Of the patients who showed IEDs, 71% were patients with TLE, and 29% were patients with ETE. Blinded review of the imaging results by the neurologist (AN) was used to determine which patients had hippocampal lesions (mesial temporal sclerosis, n = 6; temporal lobectomy, n = 5; dysembryoplastic neuroepithelial tumor, n = 1). All identified lesions were unilateral (please refer to the Supplementary material Table S1 for additional information on lesions and EEG classification).
Neuropsychological measures 2.5.1. Autobiographical event memory -overnight retention
Patients were evaluated on the retention of autobiographical events (AE) that took place during a two-hour neuropsychological assessment as described by Ricci and colleagues [30] . The to-be-recalled AE included 17 neuropsychological tasks and four examiner-inserted actions (e.g., examiner pretending to answer her phone when it rang). After being given an example of the type of "events" to be recalled, patients were asked to report as many as possible after delays of 30 min and 24 h (without forewarning). Memory retention was defined as the recall percentage at 24 h relative to 30 min (i.e., [24 h score/30 min score] * 100). Hence, for this and the other overnight retention scores, higher scores indicate better memory retention.
Verbal memory -overnight retention
The Story Memory Task (SMT) has been described by Ricci and colleagues [39] and was one of the 17 tasks involved in the neuropsychological testing session used to measure AE. A story with 24 elements was read to the patient by the examiner, after which, immediate recall was tested. This process was repeated until the patient reached the criterion (80% of details correctly recalled) or until six repetitions had occurred. Delayed recall was evaluated (without forewarning) after 30 min and 24 h. Memory retention was defined as the recall percentage at 24 h relative to 30 min (i.e., [24 h score/30 min score] * 100).
Visuospatial memory -overnight retention
The Rey Complex Figure Test (RCFT [40, 41] ) is a geometric pattern that is divided into 18 constituent parts for scoring purposes [42] . Patients were instructed to copy the figure and subsequently recall it (without forewarning) after delays of 30 min and 24 h. Memory retention was defined as the recall percentage at 24 h relative to 30 min (i.e., [24 h score/30 min score] * 100).
Verbal learning
Performance on the five learning trials (list A) from the Rey Auditory Verbal Learning Test (RAVLT [40] ) was used as a measure of encoding. On this test, the same list of 15 words was read aloud to the patient over five learning trials. Each trial was directly followed by free recall. The total score from the five trials was used as a measure of verbal learning.
Procedure
All patients performed neuropsychological assessments on the first and second days of their AEEG recording. During the two-hour neuropsychological assessment on day 1, patients were trained (and evaluated after 30 min) on AE, SMT, and the RCFT. Assessments on day 2 included the long-term (24 h) recall of AE, SMT, and RCFT as well as the administration of the RAVLT. Table 1 summarizes the patients' sleep, epilepsy, and memory variables (please refer to the Supplementary material Table S2 for additional information on sleep architecture).
Analyses
Nonparametric Spearman correlations (r s ) were used to look for associations between sleep variables and memory performance. The possible impact of age on these variables was also evaluated as previous studies have found age to be negatively associated with %SWS and REM latency (c.f., [43] ) as well as memory (c.f., [44, 45] ). Group comparisons of memory performance contrasted patients based on site of epileptic focus (TLE vs ETE) as well as on the presence/absence of seizures, IEDs, or hippocampal lesions using Mann-Whitney tests. Given the specific directional hypotheses on the associations between sleep, memory, and epilepsy (e.g., overnight retention and verbal learning were expected to be positively associated with %SWS but negatively associated with REM latency as well as the presence of seizures, IEDs, hippocampal lesions, and TLE focus), the reported associations and group comparisons were conducted using one-tailed tests of significance and were not corrected for multiple comparisons. Differences between the groups with TLE and ETE in sleep characteristics were considered using two-tailed tests of significance. Stepwise regression analyses were conducted when multiple associations with memory performance were observed.
Results
Impact of age on sleep and memory variables
One-tailed Spearman correlations showed that age was not associated with REM latency (r s 
Sleep and memory
As predicted, higher %SWS was associated with better verbal learning the subsequent day on the RAVLT (r s [21] = 0.398, p = .030; Fig.  1 ). However, we found no significant associations in the predicted direction between %SWS and overnight retention of AE (r s [23] = −0.050, p = .407), SMT (r s [23] = 0.257, p = .107), or RCFT (r s [22] = − 0.407, p = .024). As previously mentioned, the same pattern of results was found when absolute SWS duration was used as a variable in place of %SWS.
Rapid eye movement latency was found to be negatively correlated with overnight retention of AE (r s [23] = − 0.444, p = .013; Fig. 2 ). This indicated that the longer it took to reach REM, the lower the retention of the previous day's events. However, no significant correlations were found between REM latency and overnight retention of SMT (r s was there an association between REM latency and verbal learning on the RAVLT the next day (r s [21] = 0.004, p = .493).
Epilepsy and memory
Differences in memory performance were considered when patients were divided into groups based on epilepsy variables (i.e., the presence or absence of seizures, IEDs, or hippocampal lesions as well as site of seizure origin; Table 2 ). Contrasting patients based on the presence of seizures during the 24 h interval revealed significantly worse overnight retention of SMT for those with seizures (p = .040). No further differences were observed for overnight retention or verbal learning on day 2 (all ps ≥ .200; see Table 2 ).
When divided according to the presence of IEDs over the 24 h interval, patients with IEDs showed worse overnight retention of the RCFT compared with patients without IEDs (p = .032). No further differences were observed for overnight retention or for subsequent verbal learning (all ps ≥ .146).
When patients with and without hippocampal lesions were compared on their overnight retention, memory was significantly worse for patients with hippocampal lesions on AE (p = .008) and SMT (p b .001) but not on the RCFT (p = .378). Verbal learning on the RAVLT was also found to be significantly worse for patients with hippocampal lesions compared with patients without hippocampal lesions (p = .035).
Dividing patients based on the site of epileptic focus yielded a group difference only for retention of the SMT with lower scores for patients with TLE than patients with ETE (p = .001). No further differences were observed for overnight retention or subsequent verbal learning (all ps ≥ .118). Similarly, there were no differences between the two groups in %SWS (U = 66.00, p = .760) or REM latency (U = 44.50, p = .121).
Regression analyses
To evaluate the relative contributions of the sleep and epilepsy variables to memory performance, stepwise regression analyses were conducted for those instances where more than one variable had been found to be associated with memory performance. The first analysis examined predictors for RAVLT performance and included the presence of hippocampal lesions and %SWS. Results revealed that only %SWS reached significance as a predictor of RAVLT learning the subsequent day (adjusted R 2 = 0. A final stepwise regression analysis was conducted for predictors of RCFT retention (although our previous one-tailed correlation between retention of RCFT and %SWS was not significant in the predicted direction, there was an intriguing negative correlation between the two). When both %SWS and presence of IEDs were entered into the analysis, only %SWS was a significant predictor of RCFT retention (adjusted R 2 = 0.141, F 1,22 = 4.774, p = .040).
Discussion
This study examined the possible effects of sleep and epilepsy variables on memory in patients with focal epilepsy. Some sleep characteristics were found to be related with memory performance; %SWS was positively associated with verbal learning the next day, and longer REM latency was associated with poorer overnight retention of AE memory. Contrasting patients based on the presence/absence of different types of epileptiform activity showed that overnight retention of a story and complex geometric figure was worse for patients with seizures or IEDs, respectively. Patients with TLE also had poorer overnight retention of a story than those with ETE. The presence of a hippocampal lesion resulted in lower memory scores on several measures, and it proved to be the most important variable for predicting overnight retention of AE and a story. In contrast, %SWS was the best predictor of new learning ability on the following day. These findings shed new light on the relative importance of different sleep and epilepsy variables on different types of memory.
The association between SWS and the potential for verbal learning the subsequent day is consistent with results from previous studies where enhancement of SWS by transcranial stimulation resulted in improved verbal learning compared with sham stimulation [46] and where intentional disruption of SWS negatively affected subsequent encoding of visual stimuli [11] . These findings indicate that preparation for new learning is, at least in part, dependent on processes that occur during SWS the preceding night. As theorized by Tononi and Cirelli [47, 48] , synaptic strength increases as a result of newly acquired information during wakefulness. Consequently, neuronal responses become less selective, and the potential to learn becomes saturated. Subsequent synaptic renormalization during SWS reduces or normalizes net synaptic strength thus improving signal-to-noise ratios in neural networks and facilitating future acquisition and consolidation of information [49] .
An alternative explanation for this association could be that a better night's sleep (i.e., possibly one that includes a higher percentage of SWS) might reduce feelings of fatigue thus leading to better cognitive 
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REM latency (min) Fig. 2 . REM latency and overnight retention of autobiographical events. The longer it took to reach REM sleep, the poorer the retention of autobiographical events.
performance on the RAVLT the next day. As no evaluations of fatigue were implemented in the protocol, no such investigations could be conducted. However, previous sleep studies have shown fatigue to be related only to subjective sleep quality and not to objective sleep scores (e.g., sleep latency, nocturnal awakenings, sleep duration, or time spent per sleep stage [50] ). In turn, sleep quality has been found to be associated with sleep efficiency rather than any of the other objective sleep measures [51, 52] . Hence, this explanation is unlikely to account fully for the positive correlation between %SWS and subsequent RAVLT performance. Further studies are encouraged to take fatigue into account when evaluating sleep and memory performances. However, the lack of any positive associations between overnight retention and %SWS was not expected, as others have found evidence of this type of relationship in healthy participants (c.f., [6, 53, 54] ). It may be important to note that these studies conducted learning close in time to subsequent sleep, whereas during the present study, learning took place many hours earlier. This increased time period between learning and subsequent sleep could potentially have diminished the effects of sleep on overnight memory retention [55, 56] .
On the other hand, the negative correlation we detected between % SWS and overnight retention of the RCFT is similar to results by Atherton and colleagues [57] in patients with transient epileptic amnesia. They found %SWS to be negatively correlated with overnight sleep benefit for word pair retention in the patients (but not in healthy controls). Atherton's research group proposes a number of possible reasons why increased SWS might result in poorer memory in patients with epilepsy. One plausible explanation was that more time in SWS might have been a marker of increased likelihood of epileptiform abnormalities given that this is the sleep stage in which IEDs are most likely to occur. However, when we performed a regression analysis including both presence/absence of IEDs and %SWS as predictors of RCFT retention, only the latter proved to be significant. It remains possible that %SWS is increased in patients with deep hippocampus-originating IEDs, which are not well detected by surface EEGs. This fascinating negative relationship between %SWS and memory retention in people with epilepsy deserves further investigation.
As was the case for our previous study involving subjective memory complaints, the present study revealed some evidence that REM latency is negatively associated with memory (here, specifically with the recall of recent AE). Although the relevance of this sleep characteristic for memory processes is not well understood, REM latency has been found to be significantly longer in patients with Alzheimer's disease compared with matched controls [58] and is also longer in patients with nighttime seizures [23] or hippocampal lesions [24] . The results of our regression analysis indicated that the presence of a hippocampal lesion was more important than REM latency in predicting overnight retention. It may be that REM latency is simply a marker of disordered sleep architecture secondary to hippocampal atrophy or discharges, but further investigation of this aspect of sleep is merited.
Overnight retention of a story was significantly worse for patients with TLE compared with patients with ETE, which is consistent with previous findings [32, 39] . However, dividing patients by site of epileptic focus did not reveal significant differences on any of the other three memory variables, nor did it have an influence on %SWS or REM latency. Given that the differences on the memory variables were all in the predicted direction (group with TLE obtaining lower scores), the lack of significance for the other memory measures might have been the result of the relatively low sample size.
Overnight retention of visuospatial information was similar between patients with or without hippocampal lesions whereas retention of verbal and autobiographical memory was worse for patients with hippocampal lesions. These findings suggest that overnight consolidation of visuospatial information is less reliant on the hippocampus compared with the retention of verbal information [39, 59] . Indeed, it has been suggested that performance on the RCFT is a poor marker for temporal lobe functioning [60] . Instead, previous sleep studies have found the retention of the RCFT to be positively associated with total spindle number [61] and spindle density [62] over parietal regions. These observations may explain why overnight retention of visuospatial information was found to be unaffected by the presence of hippocampal lesions but was negatively affected by the presence of IEDs in the present study.
This study had several limitations. First, our current sample did not allow for more detailed investigations regarding seizure type or lateralization considering the formation of such small subgroups would have insufficient power for statistical comparisons. In addition, group size was poorly balanced when contrasting patients based on the presence of seizures. Second, given the number of statistical tests conducted, we have to acknowledge that strict correction for multiple comparisons would have reduced the number of significant findings reported in the present study. Yet, rather than exploratory analyses, this study used findings from previous studies as priors to establish directed hypotheses that were evaluated using one-sided testing. Combined with a relatively small sample size, these results should be interpreted with caution. Third, given the main aim of AEEG was for clinical purposes, we were limited in the way patients' sleep environments could be standardized. The present study might have benefitted from additional adaptation and control nights to familiarize patients with sleeping with the AEEG system. Fourth, as mentioned in our previous study using the same patient sample [24] , potential effects of anticonvulsant medication on sleep characteristics were not considered here given that five different anticonvulsant medications were taken by the 25 patients in varying combinations. Yet, given that anticonvulsant medication can affect both memory and sleep [16, 63] , specific investigations on moderating effects of anticonvulsant medication would be of high relevance for potential treatments of sleep and memory problems in patients with epilepsy.
In spite of its limitations, the present study revealed associations between epilepsy variables, sleep, and objective memory performance. Consistent with previous findings, a hippocampal lesion resulted in lower memory scores on several of the measures. Interictal epileptiform discharges, seizures, and a TLE focus also negatively affected long-term consolidation. Future studies might benefit from evaluating the consequences of epileptic seizures and IEDs on sleep architecture using within-patient paradigms tested repeatedly over several days/nights.
With regard to sleep variables and memory, as was the case for the previous study of subjective memory complaints, an intriguing association between REM latency and memory was found though this seemed less important to the retention of autobiographical memories than the presence of a hippocampal lesion. Additional studies to investigate the causes and consequences of a prolonged REM latency would be interesting. Counting spindles or slow waves in the EEG record might also provide insights into how these processes contribute to memory.
In this study, the relevance of SWS for subsequent verbal learning was particularly clear. This variable was more important than any of the epilepsy variables (including presence of a hippocampal lesion) in predicting word list learning. Given the overall low amount of SWS documented in these patients [24] , this factor might help to explain why patients with focal epilepsy have such a high level of impairment on tests of learning and memory. It would be interesting to explore whether interventions to improve SWS would also benefit learning ability in these patients.
